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Abstract: I review the meaning of "QCD factorization" in hadronic two-body B decays and then 
discuss recent results of theoretical (rather than phenomenological) nature: the proof of factorization 
at two loops; the identification of "chirally enhanced" power corrections; and the role of annihilation 
contributions. 



1. Introduction 

Hadronic, two-body B decays are highly inter- 
esting observables for flavour physics, since they 
depend on CKM matrix elements, including the 
CP- violating phase of the CKM matrix, and po- 
tential other flavour-changing interactions. They 
also present a formidable challenge for theory, 
since they involve three fundamental scales, the 
weak interaction scale Mw, the 6-quark mass 
rUb, and the QCD scale Aqcd- From the point 
of view of fundamental physics, the sensitivity 
to the weak interaction scale, and potential new 
phenomena at this scale, is probably most in- 
teresting, but since this physics is weakly cou- 
pled, it is straightforwardly computable, given a 
particular model of flavour violation. Most theo- 
retical work therefore concerns strong-interaction 
corrections. The strong-interaction effects which 
involve virtualities above the scale nib are well 
understood. They renormalize the coefficients of 
local operators Oi in the weak effective Hamil- 
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The phenomenological parts of some of the talks have 
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tonian. Assuming the Standard Model of fiavour 
violation, the amplitude for the decay B — > M1M2 
is given by 



A{B 
G 



M1M2) = 



^^A.a(M)(AfiM2|0,|i?)(A.), (1.1) 

where Gp is the Fermi constant. Each term 
in the sum is the product of a CKM factor Ai, 
a coefficient function Ci{fi), which incorporates 
strong- interaction effects above the scale fi ^ rub, 
and a matrix element of an operator O,;. In ex- 
tensions of the Standard Model, there may be 
further operators and different flavour-violating 
couplings, but the strong-interaction effects be- 
low the scale fj, are still encoded by matrix ele- 
ments of local operators. 

The theoretical problem is therefore to com- 
pute these matrix elements. Since they depend 
on nib and Aqcd, one should take advantage of 
the fact that mb S> Aqcd and compute the short- 
distance part of the matrix element. The remain- 
der then depends only on Aqcd, and - to leading 
order in Aqcd/"t-& - turns out to be much sim- 
pler than the original matrix element. In this talk 
I summarize some conceptual aspects of our re- 
cent work H, 0] on this problem. The discussion 
of the phenomenology of some particular decay 
modes is omitted here, but can also be found in 
Refs. |,|,|. 
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2. QCD Factorization 

2.1 The Physical Picture 

Factorization is a property of the heavy-quark 
limit, in which we assume that the b quark mass 
is parametrically large. The b quark is then de- 
caying into a set of very energetic partons. How 
these partons and what is left of the B meson 
hadronize into two mesons depends on the iden- 
tity of these mesons. 

The simplest case is Bd -^ D^tt^ , when the 
D meson is also taken to be parametrically heavy. 
The spectator quark and other light degrees of 
freedom in the B meson have to rearrange them- 
selves only slightly to form a D meson together 
with the charm quark created in the weak in- 
teraction. The other two light quarks are very 
energetic and for them to form a pion they must 
be highly coUinear and in a colour-singlet con- 
figuration. Soft interactions decouple from such 
a configuration and this allows it to leave the 
decay region without interfering with the D me- 
son formation. The probability of such a special 
configuration to form a pion is described by the 
leading-twist pion light-cone distribution ampli- 
tude (LCDA) $^(m). The B ^ D transition 
is parameterized by a standard set of form fac- 
tors. I have repeated essentially the argument 
of Ref. Q in favour of the conventional factor- 
ization picture, but it is important that this can 
be converted into a quantitative scheme to com- 
pute higher order corrections. For example, if the 
light quark-anti-quark pair is initially formed in 
a colour-octet state, we can still show that soft 
gluons decouple, if this pair is to end up as a 
pion. This implies that the pair must interact 
with a hard gluon, and hence this provides a cal- 
culable strong-interaction correction to the ba- 
sic mechanism discussed above. (A correction of 
this type was computed already in Ref. H , but it 
seems to me that the generality and importance 
of the result went unnoticed.) An important el- 
ement in demonstrating the suppression of soft 
interactions (except for those parameterized by 
the B ^ D form factor) is the assumption that 
the pion LCDA vanishes linearly as the longi- 
tudinal momentum fraction approaches the end- 
points u = 0, 1. This assumption can be justified 
by the fact that it is satisfied by the asymptotic 



distribution amplitude $,r(w) = 6u(l — w), which 
is the appropriate one in the heavy-quark limit. 
As a consequence 



duu"<J>7r(w) 



A 



QCD 

nib 



{n > -2). 

(2.1) 
This guarantees the suppression of soft endpoint 
contributions. 

Note that the above discussion relies cru- 
cially on the spectator quark going to the heavy 
meson in the final state. If, as in the case of a 
I?°7r° final state, the spectator quark must be 
picked up by the light meson, the amplitude is 
suppressed by the i? — > vr form factor. But since 
the D meson's size is of order 1/Aqcd, the D° 
formation and B —f t: transition cannot be as- 
sumed to not interfere and factorization is vio- 
lated. 

The case of two light final state mesons is 
the most interesting one. The dominant decay 
process is indeed the same as for the case of 
the D+TT^ final state, but this implies that the 
light meson that picks up the spectator quark 
is formed in a very asymmetric configuration in 
which the spectator quark carries a tiny fraction 
Aqcd/"^6 of the total energy. Such a configura- 



tion is suppressed, see (2.1), and this suppression 
is equivalent to the well-known (Aqco/'Tib)^^^- 
suppression |^ of heavy-to-light form factors at 
large recoil. Owing to this suppression there ex- 
ists a competing process, in which a hard gluon is 
exchanged with the spectator quark, propelling 
it to large energy, thus avoiding the penalty fac- 
tor of (2.1). If the hard gluon connects to the 



quark-antiquark pair emanating from the weak 
decay vertex to form the other light meson, this 
gives rise to another contribution to the factor- 
ization formula. (If the gluon connects to the b 
quark or the quark that forms the light meson 
together with the spectator quark, we can con- 
sider this as a hard-scattering contribution to the 
heavy-to-light form factor.) This further contri- 
bution, called "hard-spectator interaction", can 
be computed with standard methods for light- 
cone-dominated reactions Q, ||. 

There also exist "annihilation" contributions, 
defined as those diagrams, in which the spectator 
fermion line connects to the weak decay vertex. 
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These contributions are suppressed by the factor 



Sd£,^B{Oli Mb 



QCD 

rrib 



(2.2) 



where $b(^) is the B meson LCDA and ^ ~ 
AqcD/wb the hght-cone momentum fraction of 
the spectator quark. Hence annihilation contri- 
butions can be neglected in the heavy-quark limit 
(but see the later discussion). 

2.2 The Factorization Formula 

We consider weak decays B -^ M1M2 in the 
heavy-quark limit. The formal expression of the 
previous discussion is given by the following re- 
sult for the matrix clement of an operator Oi in 
the weak effective Hamiltonian, valid up to cor- 
rections of order Kqcd /rrn,: 

{MiM2\0,\B) = 

+ (Ml ^ M2) 
1 
d£,dudv Tl\^,u,v)<^B iO *Mi [v) $Af. {u) 

if Ml and M2 are both light, (2.3) 

{M^M2\0,\B) = 

JO 



if Ml is heavy and M2 is light. (2.4) 



Here F, 



B^Mi,2 



3 



{ra^ 1) denotes a B ^ Mi^2 form 
factor, and ^x{u) is the light-cone distribution 
amplitude for the quark- antiquark Fock state of 
meson X. T^j{u) and T!/^(^, m,w) are perturba- 
tively calculable hard-scattering functions; toi^2 



denote the light meson masses. Eq. (2^) is rep- 
resented graphically in Fig. ^. (The fourth line 
of ( p.3[ ) is somewhat simplified and may require 
including an integration over transverse momen- 
tum in the B meson starting from order aj..) 

Eq. ( ^.3[) applies to decays into two light me- 
sons, for which the spectator quark in the B me- 
son can go to either of the final-state mesons. An 
example is the decay B~ — *■ n°K~ . If the spec- 
tator quark can go only to one of the final-state 
mesons, as for example in Bd —^ 'k~^K~, we call 
this meson Mi and the second form-factor term 




Figure 1: Graphical representation of the factoriza- 
tio n for mula. Only one of the two form-factor terms 
in (2.3) is shown for simplicity. 



on the right-hand side of (2^) is absent. The fac- 
torization formula simplifies when the spectator 



quark goes to a heavy meson [see (2.4)], such as 
in Bd -^ D^TT^. In this case the hard interac- 
tions with the spectator quark can be dropped 
because they are power suppressed in the heavy- 
quark limit. In the opposite situation that the 
spectator quark goes to a light meson but the 
other meson is heavy, factorization docs not hold 
as discussed above. 

As an example, consider the matrix element 
{Tr^Tr~\{ub)v~A{du)v-A\B) . In leading order the 
conventional factorization result iJ.j^F^^'^ {0)M'^ 
is obtained. It is convenient to introduce "factor- 
ized operators" j'l ® J2 , whose matrix elements 
are definedhy (ttttIji « J2IB) = {n\ji\B) (7r|J2|0). 
The benefit of this notation is that the result 
of the factorization formula can be expressed in 
terms of these factorized operators, and this gives 
a compact representation of the result for all tttt 
final states. We then find, including the order-ag 
corrections, 

{ub)v-A{du)v-A = {ub)v-A fXi {du)v-A 
+ - {db)v-A ® {uu)v-A 



Cts 

97r 



{V + H] {db)v-A ® {uu)v^A 



-P Y^ {qb)v-A ® {dq)v-A 

q—u,d 



(2.5) 



where 



V = I du$^(u) 



61n^-18 
l^ 



3(1 - 2u) 
1-u 



In u — Siri 



(2.6) 
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P = 



du'^T^iu) 



2, m^ 2 
- In ^ + - 
3 /i2 3 



(2.7) 



- 4 / dzz{l~ z) ln[-z(l - z)u - 

10 



le 



correspond to the first line of (2.3), which in- 
cludes vertex (V) and penguin (P) contractions 
and 



H 



JbItt 



47r2 
~MB\BFf^^O) 



Jo u 



dv 

V 



nib 



(2.8) 



accounts for the hard spectator scattering, the 



second line of (|2.3| ). (I have included a certain 
power correction, proportional to a twist-3 LCDA 
$p(w), which will be discussed in some detail 
later.) After evaluating the matrix elements of all 
operators in the weak effective hamiltonian, we 
collect the coefficients of the factorized operators 
into a set of numbers, conventionally denoted a, 
and express the decay amplitude in terms of these 
ai- In the past, these a^ have been thought to be 
uncalculable and have often been assumed to be 
universal. We now see that they are calculable, 
but non-universal to the extent that they depend 
on the identity of the meson. 

In the past there have been several attempts 
at describing exclusive B decays in terms of hard 
spectator scattering alone ^, |l^ |l^, |l2|, |l^, |I^ 
|lq, R] and recently these have been revived in 
fSl . The underlying assumption here is 



Refs. 



that the B ^ tt form factors are themselves com- 
putable in this approach. The literature quoted 
reaches different conclusions on the validity of 
this assumption. The principal difficulty lies in 
the appearance of an endpoint divergence in the 
integration over the pion LCDA. This must either 
be interpreted as an indication of a soft contribu- 
tion to the form factor, in which case the starting 
assumption is invalid; or the divergence must be 
argued away (either by subtracting it into the 
B meson wave function [ |l3| or by suppressing it 
with a Sudakov form factor p6|), in which case 
the typical (but not unequivocal) result is an un- 
acceptably small form factor at g^ = 0. In com- 
parison the advantage of the approach presented 
here is that it allows us to demonstrate a useful 
factorization result independent of the validity 



of the assumption that the form factor is domi- 
nated by hard scattering. (I may mention that 
form factors themselves obey a formula similar 



to (2.3) and this may provide a useful framework 



to investigate the role of hard scattering for form 
factors |l9|.) 

2.3 Implications of Factorization 

The significance and usefulness of the factoriza- 
tion formula stems from the fact that the non- 
perturbative quantities which appear on the right- 



hand side of (2^) are much simpler than the 
original non-leptonic matrix element on the left- 
hand side. This is because they either reflect uni- 
versal properties of a single meson state (light- 
cone distribution amplitudes) or refer only to a 
B —> meson transition matrix element of a local 
current (form factors). Factorization is a con- 
sequence of the fact that only hard interactions 
between the (BMi) system and M2 survive in 
the heavy quark limit. As a result we can say 
that 

- conventional factorization gives the correct 
limit, when as and Aqcd /"n^b corrections 
are neglected, provided the spectator quark 
does not go to a heavy meson; 

- radiative corrections to conventional fac- 
torization can be computed systematically, 
the result is, in general, non-universal, i.e. 
there is no reason to suppose that the pa- 
rameters fli should be the same, say for Dn 
and TTTT final states; 

- the problem of scheme-dependence in the 
conventional factorization ansatz is solved 
in the same way as in any other next-to- 
leading order computation with the weak 
effective hamiltonian; 

- all strong interaction phases are generated 
perturbatively in the heavy quark limit, as 
form factors have no imaginary parts; 

- many observables of interest for CP viola- 
tion become accessible in this way, the cur- 
rent limiting factors being our poor knowl- 
edge of Xb and that of power corrections. 
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3. Discussion 

In this section I discuss some aspects that con- 
cern factorization beyond the one-loop correction 
to conventional factorization: the validity of fac- 
torization in higher orders of perturbation theory 



[Sect. 3J_|, the issue of final state rescattering 
[Sect. |3.2( | and various sources of power correc- 
tions [Sects. 3.3-3.5|. 



3.1 Factorization in higher orders 



A proof of the factorization formula (2.4) for de- 
cays into a heavy and a light meson has been 
given at the two-loop order |g[ . Some of the argu- 
ments used there have straightforward extensions 
to all orders, but a technical all-order "proof" has 
not yet been accomplished. Nonetheless, the ar- 
guments used to prove infrared finiteness at two- 
loop order may be sufficiently convincing to make 
infrared finiteness at all orders plausible. 

It has to be demonstrated that the hard- 
scattering kernels are infrared finite. To state 
this more precisely, we write the factorization for- 
mula for a heavy-light final state schematically as 

A = {^-D+\0\Ba) = Fb^d{0) • T * $,, (3.1) 

where the * represents the convolution and O 
represents a four-quark operator. In order to ex- 
tract T, one computes A, Fb^d and $7r in per- 



turbation theory and uses (3.1) to determine T 



We therefore rewrite (3.1) in perturbation the- 
ory, 



^(0) + ^(1) + A(2) + 



5^(0) 



F. 



(1) 



B^D 



F, 



(2) 



B^D 



. fT<-°) -t-T(i) +^(2) + ...") 

* ($1°) + $11) + $?) + ...), (3.2) 

where the superscripts in parentheses indicate 
the order of perturbation theory, and then com- 
pare terms of the same order. Thus up to two- 
loop order 



B^D 
B^D 



t(iU$(") 



aw 



fI^) . T(o) * $(0) - i^l°) 



B^D 



B^D 



(3.3) 

(3.4) 

t(") * $(1) 



F. 



(0) 
B^D 



. T(2) * $(0) = A(2) 



F^ 



(0) 



-F 



T(i) * $^1) 



B^D 

(2) 



F, 



B^D 

(0) 
B^D 



. t(i) * $1°) 

r(") =, $(2) 

(3.5) 



By perturbative expansion of the B ~> D form 
factor, we mean the perturbative expansion of 
the matrix element of cTb, evaluated between 
on-shell b- and c-quark states. By perturbative 
expansion of the pion light-cone distribution am- 
plitude, we mean the perturbative expansion of 
the light-cone matrix element which defines the 
LCDA, but with the pion state replaced by an on- 
shell quark with momentum uq and an on-shell 
antiquark with momentum uq. 



The zeroth order term in (3.3) is trivial. The 



two terms that need to be subtracted from A^^^^ 
at first order exactly cancel the "factorizable" 
contributions to A^ K The first order term in 



(3.5) therefore states that T'-^'> is given by the 
"non-factorizable" diagrams. (Here we use "non- 
factorizable" in the conventional sense, i.e. to de- 
note the diagrams with gluon exchange between 
the (BD) system and the pion.) If T^^) is to be 
infrared finite, the sum of these diagrams must 
be infrared finite, which is indeed the case as seen 
by the explicit one-loop calculation. 

The second order term ( |3.5[ ) has a more com- 
plicated structure. The last three terms on the 
right-hand side exactly cancel the "factorizable" 
corrections to the two-loop amplitude A^^^^ . The 
remaining two terms that need to be subtracted 
from A^^' are non-trivial. The infrared diver- 
gences in the sum of "non-factorizable" contri- 
butions to v4*^^) must then be shown to have pre- 
cisely the right structure to match the infrared 
divergences in Fgi^j^ and $1 , such that 



A 



(2) 



non— fact 
1 



-F, 



(0) 



B^D 



■ T(i) * $(1) 



- F^i^^ • T^i) * $1") = infrared finite. (3.6) 

Eq. (^^) is verified by first identifying the regions 
of phase space which can give rise to infrared sin- 
gularities. In general these arise when massless 
lines become soft or collinear with the direction of 
g, the momentum of the pion. This requires that 
one or both of the loop momenta in a two-loop 
diagram become soft or collinear. Rather than 
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computing the 62 "non-factorizable" two-loop di- 
agrams (excluding self-energy insertions and field 
renormalization) , the Feynman integrands corre- 
sponding to these diagrams in those momentum 
configurations that can give rise to singularities 
are then analyzed in all possible combinations: 
one momentum soft or collinear, the other hard; 
both momenta soft or collinear; one momentum 
soft, the other collinear. 

The analysis of Ref. [|| shows that infrared 
divergences cancel in the soft-soft, collinear-col- 
linear and soft-coUinear region as required for the 



validity of (3^). The non-cancelling divergence 
in the hard-soft region factorizes into the form 



A- 



(2) 

hard — soft 



= /5^z,-TW *$(«), 



(3.7) 



where Jb^d is precisely the soft contribution 
to the B ^r D form factor at the one-loop or- 
der; this cancels the second of the two subtrac- 
tion terms in (|3.6|) . The infrared divergent hard- 
collinear contributions sum up to the expression 



4(2) _ p(o) ^ ^i„ W£y 

^hard-coUincar ~ ^ B~,D ' ^^ ^ ^^^ ,, 

X f dwduT'-^'>{w)V{w,u)<P^^\u), (3.8) 
Jo 

with V{w,u) the ERBL evolution kernel g, ^. 
The infrared singular contribution to the (per- 
turbative, one-loop) pion distribution amplitude 
is determined by 






(3.9) 



and by combining the previous two equations we 



(2) 

hard— colli] 



is precisely equal to the 



find that A^ 

remaining subtraction term in (B.6). It follows 



from (3.5) that T^^^ is free of infrared singulari- 
ties. 

3.2 Rescattering and Parton-Hadron Du- 
ality 

Final-state interactions are usually discussed in 
terms of intermediate hadronic states. This is 
suggested by the unitarity relation (taking B -^ 
TTTT for definiteness) 



lui Ab^ttt^ ^ y ^Ab^uA^^^ 



where n runs over all hadronic intermediate states. 
In many discussions of final state rescattering the 
sum on the right hand side of this equation is 
truncated by keeping only elastic rescattering. It 
is clear that this approximation is incompatible 
with the heavy-quark limit, in which the opposite 
limit of an arbitrarily large number of interme- 
diate states should be considered. Decays of B 
mesons lie somewhere in between these limiting 
cases, but only the heavy-quark limit provides a 
controlled approximation to the problem. In my 
opinion, in view of the factorization results, pro- 
ponents of the elastic scattering limit and meth- 
ods inspired by Regge physics now need to justify 
better their motivation for choosing this partic- 
ular ansatz. 

The heavy-quark limit, and the dominance of 
hard rescattering in this limit, suggest that the 



(3.10) 



sum in (3.1C) is interpreted as extending over in- 
termediate states of partons. In this picture the 
sum over all hadronic intermediate states is ap- 
proximately equal to the contribution of a quark- 
anti-quark intermediate state of small transverse 
extension. The approximation could be further 
improved by including qqg intermediate states 
etc. This is similar to the QCD description of 
e+e~ -^hadrons at large energy; the total cross 
section of this reaction is well represented by 
the production cross section of a qq pair, even 
though the production of every particular final 
state cannot be computed with perturbative (or 
any known) methods. There is a limit to the ac- 
curacy of such kinds of descriptions, which is dis- 
cussed under the name of "parton-hadron" dual- 
ity. Quantifying this accuracy is a formidable, 
unsolved problem. The same assumption forms 
the basis for the application of the operator prod- 
uct expansion to inclusive non-leptonic heavy- 
quark decays and there have been some quanti- 
tative studies in this context, though in the two- 
dimensional 't Hooft model |£0[ |l[ ^ . Parton- 
hadron duality is also an implicit assumption in 
applying perturbative QCD techniques to jet ob- 
servables and hadron-hadron collisions at large 
momentum transfer. It is probably safe to con- 
clude that the accumulated experience suggests 
that violations of parton-duality are subdomi- 
nant effects in the heavy-quark limit, and this is 
all we need to justify our theoretical framework. 
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3.3 Higher Fock States and Non-factori- 
zable Contributions 

The factorization formula needs only the leading- 
twist LCDAs of the mesons. Higher Fock com- 
ponents of the mesons appear in higher orders of 
the collinear expansion. The coUinear expansion 
is justified as long as the additional partons carry 
a finite fraction of the meson's momentum in the 
heavy-quark limit. Under this assumption, it is 
easy to see that adding additional partons to the 
Fock state increases the number of off-shell prop- 
agators in a given diagram. This implies power 
suppression in the heavy-quark expansion. 

Soft contributions are also power-suppressed, 
but it seems difRcult to classify them system- 
atically. Again the decay Bd — > D'^'k~ is the 
simplest case, and I briefly consider the situ- 
ation, where the "non-factorizable" gluon, i.e. 
the gluon exchanged between the pion and the 
{BD) system, is soft. In this case, the ^^qqg Fock 
state" cannot be described by a light-cone wave 
function, but such a contribution still receives a 
power suppression in the heavy-quark limit. The 
important point is that soft gluons couple very 
weakly to the qq pair. The coupling can be eval- 
uated (the qq pair being very energetic), and the 
result is 

r-l/AqcD 

ds {D+\c-i^{l - j5)gsG^,{-sn)n%\Bd) 



Jo 



SNcUu 



(3.11) 



where q = En is the momentum of the pion. This 
depends on a non-local higher-dimension B —> D 
form factor, but comparing this with the leading 
order, conventional factorization expression. 



(D+Tr-\{cb)v-A{du)v-A\Bd) 



LO 



(3.12) 



(D+\c-f^'{l-^5)b\Bd)^UEn^ / du<t>^{u), 

JQ 

we conclude on dimensional arguments that the 
soft non-factorizable correction is suppressed by 
one power of Aqcb /rnb- (Note that similar con- 
siderations for the J/^pK final state [g3| lead to 
local B -^ K form factors, because the non- 
locality is then cut off at a distance l/nic-) 



Note that power corrections come without a 
factor of as and we may expect them to be as 
large as the computable perturbative corrections 
in general. An important point, however, is that 
there exists a systematic framework that allows 
us to classify both effects as corrections. 

3.4 "Chirally enhanced" Corrections 

There are two reasons why the hard spectator 



interaction in (2.3) is particularly sensitive to 
power-suppressed corrections. The first reason 
is that the short-distance scale is not mb (as is 
the case for the form factor term in ( |2.3| )), but 
(mfjAqcD)^^^- To see this, note the gluon virtu- 
ality is 



'^9 



-v^Ml 



terms of order Aqqj-, , (3.13) 



which on average is around 1 GeV . To arrive at 
(2^) I have neglected the terms of order Aq^j-, 



and this might not be a particularly good approx- 
imation. However, there is no (known) system- 
atic way of treating such terms, which amongst 
other things are sensitive to the off-shellness of 
the spectator quark in the B meson (and hence to 
higher Fock components of the B meson) , and so 
we must neglect these terms together with many 
other power corrections. 

There is an enhancement of power-suppressed 
effects for decays into light pseudoscalar mesons 
connected with the curious numerical fact that 



2/Xjr 



2to2 



■md 



4(gg) 



3 GeV (3.14) 



is much larger than its naive scaling estimate 
Aqcd- (Here {qq) = (0|wu|0) = (0|Jd|0) is the 
quark condensate.) These "chirally enhanced" 
corrections have originally been discussed in con- 
nection with V+A penguin operators in the weak 
effective hamiltonian, but they affect the hard 
spectator interaction more severely. 

Consider first the contribution of the oper- 
ator Og = {dibj)v-A{ujUi)v+A to the Bd —^ 
TT+TT^ decay amplitude. The parameter /x^ arises 
already in the naively factorized matrix element: 



TT+TT \{dibj)v^A{UjUi)v+A\Bd) 



,f2 pB^TT 



iMiF 



{0)U X 



rUb 



(3.15) 
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This is formally a Aqcd/"t-6 power correction but 
numerically large due to ( 3.14 ). We would not 
have to worry about such terms if they could all 



be identified and the factorization formula (2.3) 



applied to them, since in this case higher-order 
perturbative corrections would not contain non- 
factorizing infrared logarithms. However, this is 
not the case. 

After including radiative corrections, the ma- 



trix element on the left-hand side of ( 3.15 ) is ex- 
pressed as a non-trivial convolution with the pion 
light-cone distribution amplitude. The terms in- 
volving /j,7r can be related to two-particle twist- 
3 (rather than leading twist-2) distribution am- 
plitudes, conventionally called $p(w) and ^cr{u)- 
The distribution amplitude $p(u) does not van- 
ish at the endpoint. As a consequence the hard 
spectator interaction contains an endpoint diver- 
gence. In other words, the "correction" relative 
to ( |3.15 ) is of the form a^ x logarithmic diver- 
gence, which we interpret as being of the same 



order as (3.1J;). It turns out, however, that the 
as correction to the V^ + yl operator (giving rise 
to the parameter ag in conventional notation) is 
free of this potential problem. 

As a consequence the most important effect 
of the chirally enhanced twist-3 LCDAs (with ex- 
ception of the leading order result for oe) is on 
the matrix elements that contribute to the coef- 
ficients ai to 05. An example of this is shown in 



(2.8). Substituting the asymptotic LCDAs, H is 
rewritten as 



H = 



127r2 /b/„ 



1 



2A*7r 

3TOfc 



dv 



(3.16) 
which exhibits the problem of dealing with the 
endpoint-divergent integral. I should emphasize 
that this divergence is not in contradiction with 



the factorization formula (2.3), in fact it is ex- 
pected at the level of power-suppressed effects. 
But from the phenomenological point of view it 
is somewhat disappointing that these effects are 
sizeable and can introduce a substantial uncer- 
tainty into the hard spectator interaction. The 
complete set of chirally enhanced terms has been 
estimated up to now only in Ref. Q, where it 
was assumed that the divergent integral can be 
replaced by a universal constant. The variation 







(a) (b) (c) (d) 

Figure 2: Annihilation diagrams. 

of this constant constitutes the largest theoret- 
ical uncertainty, but it is also shown that the 
predictivity of the approach is not lost. (Some 
chirally enhanced terms have been included in 
Refs. H, H, but the correction (U), (jslel) 
to oi to 05, which contains the endpoint diver- 
gence, has been omitted [e3 or computed incor- 
rectly [^ in these papers.) As in a related sit- 
uation for the pion form factor | p6[ one might 
argue that the endpoint divergence is suppressed 
by a Sudakov form factor. However, it is likely 
that when mi, is not large enough to suppress 
these chirally enhanced terms, then it is also not 
large enough to make Sudakov suppression ef- 
fective especially since the short-distance scale is 
not large enough to build up a strong logarithmic 
evolution. 

3.5 Annihilation Topologies 

My final concern in this section are the annihila- 
tion topologies (Fig. g). The hard part of these 
diagrams would amount to another contribution 
to the second hard-scattering kernel, T'/^(^, u, v), 



in (2.3). The soft part, if unsuppressed, would vi- 
olate factorization. However, a straightforward 
power-counting analysis shows that all annihila- 
tion topologies are l/rrib corrections to the decay 
amplitudes in the heavy-quark limit [g|. This 
statement also applies to diagram d, in which 
case the largest term comes from an endpoint 
contribution. 

As for the hard spectator interaction at lead- 
ing power in the heavy-quark expansion, there 
exist "chirally enhanced" contributions from the 
annihilation topologies related to the correspond- 
ing twist-3 light meson LCDAs. It has recently 
been noted M, M in the context of the hard- 
scattering approach that these could be non-neg- 
ligible. To illustrate this effect, I consider the an- 
nihilation correction to the coefficient ae in the 
effective transition operator defined in Ref. ||]. 
Note that ag is the coefficient of a power correc- 
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tion (though chirally enhanced), and I am con- 
sidering now a power correction to qq. For two 
identical final state mesons, say two pions, only 
the diagrams a and b contribute to ag. To sim- 
plify the result, I assume the LCDAs to be the 
asymptotic ones and obtain for the sum of lead- 
ing order and annihilation contribution: 
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